Proton acceleration from the interaction of ultra-short laser pulses with thin foil targets at intensities greater than 10 18 W cm K2 is discussed. An overview of the physical processes giving rise to the generation of protons with multi-MeV energies, in well defined beams with excellent spatial quality, is presented. Specifically, the discussion centres on the influence of laser pulse contrast on the spatial and energy distributions of accelerated proton beams. Results from an ongoing experimental investigation of proton acceleration using the 10 Hz multi-terawatt Ti : sapphire laser (35 fs, 35 TW) at the Lund Laser Centre are discussed. It is demonstrated that a window of amplified spontaneous emission (ASE) conditions exist, for which the direction of proton emission is sensitive to the ASE-pedestal preceding the peak of the laser pulse, and that by significantly improving the temporal contrast, using plasma mirrors, efficient proton acceleration is observed from target foils with thickness less than 50 nm.
Background
Ion acceleration driven by intense laser-plasma interactions has been observed for more than two decades. Gitomer et al. (1986) provides a review of early ion measurements with long pulse (nanosecond) CO 2 lasers. In these experiments, at focused intensities of approximately 10 16 W cm
K2
, protons and carbon ions were accelerated to energies of the order of tens of keV. It was found that the source of the ions was hydro-carbon or water contamination layers on the surfaces of the thin foil targets irradiated by the laser, and that the acceleration mechanism was driven by charge separation within the laser-produced plasma.
In recent years, there has been a renewed interest in laser-driven ion acceleration due to the availability of high-intensity laser pulses (greater than 10 18 W cm K2 ) with sub-picosecond duration, made possible by the introduction of chirped pulse amplification (CPA). Proton acceleration to tens of MeV energies and in low divergent beams of excellent quality has been demonstrated (Clark et al. 2000a; Snavely et al. 2000) . Heavier ions have also been observed, with energies up to hundreds of MeV (Clark et al. 2000b; Hegelich et al. 2002) . Laser-generated ion beams have a number of desirable properties. It has been shown experimentally that proton beams are generated with low transverse and longitudinal emittance (about 100 fold better than beams produced from typical RF accelerators; Cowan et al. 2004) . The ions are produced in short bunches of high brightness with a measured efficiency of conversion from laser energy to ions as high as 12% (Snavely et al. 2000) . An interesting application of laser-driven protons is to probe the evolution of electric fields within a plasma (Borghesi et al. 2002) . These techniques have even been applied to measure the spatial and temporal evolution of the electrostatic fields responsible for laser-driven ion acceleration. Other proposed applications of this potentially compact ion source include ion radiotherapy (Bulanov et al. 2002) , isotope production for medical imaging techniques (Ledingham et al. 2004) and as injectors for the next generation of ion accelerators (Krushelnick et al. 2000) . The need to optimize and control ion acceleration for many of these applications has motivated a number of research groups worldwide to investigate laser-driven proton and heavier ion acceleration.
In this paper, we discuss aspects of our present understanding of the mechanisms leading to ion acceleration in the interaction of high-intensity laser pulses with thin foil targets, and highlight examples of some of the recent progress made in this research area. Specifically, we discuss the influence of the temporal contrast of the laser pulse on ion acceleration, and illustrate our discussion with results from an ongoing research campaign on laser-driven proton acceleration at the Lund Laser Centre (LLC) in Sweden.
Ion acceleration mechanisms
We begin by noting that the high energy ions that are produced by laser-plasma interactions are not directly accelerated by the laser pulse-this would require much higher focused intensities (greater than 10 22 W cm
K2
) than are currently available. Instead, ion acceleration occurs due to the build up of electrostatic fields, resulting from charge separation due to the laser pulse driving electron motion inside the irradiated target. By creating and heating a plasma, the laser pulse drives ion acceleration. Although a variety of target types, including gas, water droplets, clusters, thin foils and thick solid targets, have been used to demonstrate the acceleration of ions (Mendonca et al. 2001) , the highest quality ion beams are observed with thin foil targets.
When a high-intensity laser pulse is focused onto a surface of a target foil, the leading edge of the laser pulse (or the amplified spontaneous emission (ASE)-pedestal) ionizes the target (at intensities of approximately 10 12 W cm K2 ) leading to an expanding plasma, with an exponentially decreasing density at increasing distance from the target surface. The peak of the laser pulse propagates in the expanding plasma until it reaches a critical plasma density (approximately 10 21 cm
K3
), at which the plasma frequency (collective electron P. McKenna and others motion against the ion background) cancels the propagation of an electromagnetic wave. The main laser-plasma interaction occurs at this critical density surface. The plasma electrons react to the ponderomotive potential of the focused laser light, and are pushed from regions of high laser intensity to regions of lower intensity. A number of important electron acceleration mechanisms have been identified. At lower intensities, of the order of 10 16 W cm
K2
, and short plasma scale lengths, resonant absorption dominates, leading to electron acceleration in the direction of the density gradient. At higher intensities, greater than 10 18 W cm K2 for laser light at wavelength of approximately 1 mm, relativistic laser-plasma interactions occur. The v!B component of the Lorentz force then leads to electron acceleration in the laser propagation direction, with electron energies corresponding to MeV temperatures. If a high-intensity, p-polarized laser pulse is focused onto a target foil at an angle other than target normal, two distributions of electrons (resulting from the two acceleration mechanisms) will thus be driven into the foil in different directions. This has been demonstrated experimentally (Santala et al. 2000; Brandl et al. 2003) . We also note that in order to sustain large currents of hot electrons moving forward, return currents of cold electrons are produced to overcome the Alfvén limit.
Separation of the accelerated electrons from the ion background within the plasma creates electrostatic fields which accelerate the ions. At least two ion acceleration schemes have been put forward to explain experimental observations, and are summarized in figure 1. Ponderomotive electron acceleration produces an electrostatic field on the laser-irradiated surface, resulting in the , leads to ionization and ion acceleration to multi-MeV energies (the TNSA mechanism). Plasma expansion at the target front surface leads to ion acceleration in the backward direction. acceleration of ions from the front side of the target, passing through the target and forming a beam in the forward direction (Clark et al. 2000a ). The hot electron populations which are accelerated through the target foil form an electron sheath at the rear surface, resulting in field ionization and ion acceleration-the target normal sheath acceleration model (TNSA; Wilks et al. 2001) . The quasi-static electric fields (approximately kT hot /el D , where kT hot is the hot electron temperature and l D is the Debye length) can reach values greater than 10 12 V m
K1
, leading to ion energies in the MeV range for micron scale Debye lengths. Because of the presence of hydrocarbon and water vapour on the surfaces of the foils (for experiments performed at typical vacuums of approximately 10 K5 mbar), protons are usually observed in large numbers, and due to their high charge-to-mass ratio they are more efficiently accelerated than heavier ion species and effectively screen the electric acceleration fields experienced by heavier ions. Recent studies have shown that in order to efficiently accelerate heavier ions the proton source layers should be removed from the target foil by heating or ablation (Hegelich et al. 2002; McKenna et al. 2004) . In addition to ion acceleration in the forward direction (direction of laser propagation), we note that plasma expansion at the front surface of the target foil can also lead to ion acceleration in the backward direction. The energies and other properties of accelerated ions depend strongly on the parameters of the charge separation, and this is currently the subject of intense experimental and theoretical research programmes.
Effects of laser pulse contrast on ion acceleration
Laser pulse intensity contrast is a measure of the ratio of the intensity of laser light in the peak of the laser pulse to the background intensity. An important contributory factor to the background light is ASE, which is produced when inherent background light gets amplified due to the gain in the amplifying crystals. The ASE forms a pedestal extending of the order of nanoseconds before and after the peak of the laser pulse, as shown schematically in figure 1a, where the peak intensity is denoted I peak and I ASE and t ASE denote the level and duration of the ASE pedestal prior to the peak of the pulse, respectively. The background may also contain pre-pulses arising from, for example, incomplete compression of the CPA pulse through higher order phase errors or spectral clipping. In this discussion article, we specifically consider the effects of the ASE pedestal on ion acceleration.
An ASE-pedestal arriving at the surface of a target foil will generate X-rays which can heat the bulk of the target. If the target foil is sufficiently thin, the target rear surface is radiatively heated. In addition, the ablation pressure due to the arrival of the ASE-pedestal on the surface of the foil launches a shock wave into the target. Again, if the target foil is sufficiently thin for the shock wave to propagate through the foil before the peak of the laser pulse arrives on target, expansion of the target rear surface can result. Both processes can ruin the steep density gradient on the target rear surface required for ion acceleration by the TNSA mechanism.
The optimum target thickness for efficient proton acceleration, without inducing an expansion of the target rear surface, depends not only on the laser pulse parameters, but also the target density. For the purposes of illustrating our discussion, however, we consider only Al, which has been widely shown to be a suitable target material for efficient proton acceleration. Many of the reported measurements on laser-driven proton acceleration have involved laser pulses with typical contrast in the range 10 5 -10 7 . As a result, Al target foils with thickness greater than a few microns are usually employed to ensure that the ASE-pedestal does not induce an expansion of the target rear surface (Roth et al. 2002) . Using laser pulses with contrast of approximately 10 6 , for example, Spencer and co-workers (McKenna et al. 2002; Spencer et al. 2003) observed the highest proton energies from Al target foils of thicknesses of approximately 12 mm, with a sharp cut-off with thinner foils. With pulses of contrast better than 2!10 7 , Kaluza et al. (2004) have shown that the optimum target thickness for proton acceleration decreases with the duration of the ASE-pedestal-with a minimum pedestal duration of 0.5 ns an optimum Al thickness of 2 mm was observed to produce protons with energies up to w3.5 MeV. They further report that with targets below the optimum thickness the spatial profile of the proton beam becomes blurred-consistent with an expansion of the target rear surface.
The expansion of the target rear surface is sensitive to both the level and duration of the ASE-pedestal prior to the peak of the pulse. Let us consider, for example, a laser pulse with a peak focused intensity of 10 19 W cm K2 and with a pedestal duration of 1 ns and intensity of approximately 10 13 W cm
K2
. This ASE-pedestal produces an ablation pressure of greater than 2 Mbar and launches a shock wave of velocity w10 mm ns K1 into an Al target foil. Assuming a constant shock velocity (ignoring expansion of the shock wave within the target), the shock wave will reach the rear surface, of target foils with thickness less than 10 mm, prior to the arrival of the peak of the laser pulse on target and, therefore, the formation of the electron sheath responsible for ion acceleration at the target rear surface. A reduction in the pedestal duration or ASE intensity (resulting in a slower shock wave) reduces the lower limit of the target thickness before shock breakout on the rear surface results.
A pulse contrast of between 10 5 and 10 7 is typical of high-power laser systems. A measurement of proton acceleration with laser pulses with exceptional temporal contrast of 10 10 was reported (Mackinnon et al. 2002) using the JanUSP laser (at the Lawrence Livermore National Laboratory, USA). With this contrast, a dramatic enhancement in measured proton energy was observed when decreasing target thickness below a certain threshold. This was attributed to electron recirculation inside thin foil targets. While the laser pulse is present, electrons generated at the laser focus are reflected from the Debye sheath built up at the target surfaces and recirculate within the target, enhancing the electrostatic fields responsible for ion acceleration. With a peak intensity of 1!10 20 W cm K2 , Mackinnon et al. (2002) observed proton energies up to 24 MeV from Al targets with thickness down to 3 mm. Such an enhancement due to recirculation in thin foil targets motivates research using even thinner targets.
In the remainder of this article, we discuss progress made in an ongoing research programme at the Lund Laser Center to investigate proton acceleration as a function of various laser and target parameters. In particular, we discuss a transition window of ASE-pedestal conditions, for which shock breakout modifies the properties of the accelerated ion beam, without resulting in evaporative expansion of the target rear surface. We also discuss a progression towards ion acceleration from ultra-thin targets under ultra-high contrast conditions, facilitated by the use of plasma mirrors.
Experimental approach at the Lund Laser Centre
We use the 10 Hz, multi-terawatt, femtosecond laser at the LLC, which can deliver pulses of 1.0 J in 35 fs at a wavelength of 800 nm. The laser system is described elsewhere (Lundh et al. in preparation) . Importantly, a total of four Pockels cells are used to efficiently suppress any pre-pulses and to facilitate control of the duration of the ASE pedestal, in the range 1.0-4.5 ns. The system is also equipped with an acousto-optic pulse shaper for spectral and temporal control of the seed pulses from the oscillator. The amplitude of the acoustic wave launched into the acousto-optic crystal determines diffraction efficiency of this device. Thereby, the seed energy to the first amplification stage, a regenerative amplifier, can be continuously controlled. Because of its high gain, the bulk of the ASE is produced in the regenerative amplifier. Increasing the seed energy to the amplifier, other things kept constant, lowers the amount of ASE produced by it. The pulse energy from the final amplifier remains unchanged, as it operates in saturation. The temporal contrast is measured in the flat part of the pedestal, approximately 100 ps before the main pulse, using a third order autocorrelator, and the ASE intensity is estimated from the measured contrast and the estimated peak intensity. On the nanosecond timescale, the temporal profile is measured with a fast photo diode and oscilloscope. Figure 2 shows a typical temporal profile of the laser pulse.
The laser pulses are focused onto thin foils at 458 angle of incidence by a f/3, off-axis parabolic mirror to a focal spot with a 1/e 2 focal spot diameter of 7 mm, as illustrated in figure 3 . A peak intensity on target exceeding 10 19 W cm K2 is inferred from the measured spot size, pulse energy and pulse duration. Target foils are mounted in a multi-target holder to facilitate systematic investigation of proton acceleration as a function of target parameters. An alternative mode of operation involving a plasma mirror (Ziener et al. 2003; Dromey et al. 2004) , to further extend the contrast range available with this laser, is illustrated in the inset of figure 3.
CR-39 nuclear track detector, which is sensitive to ions, but insensitive to electrons and X-rays, is used to diagnose the spatial distribution of the proton beam in the energy range 0.1-11 MeV (1 mm thick CR-39 plates). A CR-39 plate feeder system (not shown in figure 3 ) enables the proton beam profiles to be recorded on up to 20 laser shots for each pump down cycle of the target vacuum chamber. The proton stopping power in Al (figure 4a) is used to determine the spatial profile of the protons above selected threshold energies. An Al filter mask with increasing thickness (figure 4b) is employed directly in front of the detector plates. The filters also serve to stop heavier ions from reaching the CR-39 and protect it from target debris.
Proton energy distribution measurements are made using a Thomson parabola ion spectrometer and two compact magnetic spectrometers (figure 3). For both types of spectrometer the dispersed proton beam is again detected using CR-39, but with a thin Al filter, in direct contact, to remove heavier ions and to slow down fast protons for effective detection and analysis. The spectrometers have a line of sight to the laser focal spot in the plane of the laser beam and the target normal, and can be used at a wide range of angles with respect to the target normal.
Measured sensitivity of proton emission to ASE-pedestal
We measure proton beam spectral distributions and spatial profiles for a range of target foil thicknesses, as a function of ASE-pedestal intensity and duration. Typically, we observe a broad energy distribution of protons, extending beyond 4.5 MeV. As an example, the proton energy spectrum, emitted along target normal, from a 6 mm Al foil irradiated at a few 10 19 W cm K2 is shown in figure 5 . We do not specifically investigate the relative contributions to the measured . Schematic illustration of the experimental arrangement employed to investigate laserdriven proton acceleration. The spatial and energy distributions of beams of protons accelerated in the forward direction are measured using CR-39 with a filter mask (figure 4) and two magnetic spectrometers and a Thomson parabola spectrometer (not shown). Inset: the addition of a plasma mirror is used to achieve higher laser pulse contrast. The plasma mirror (a glass plate) is positioned such that the intensity of the ASE-pedestal is below the ionization threshold of the glass and is therefore transmitted. A plasma is created by the rising edge of the peak of the laser pulse and reflects the main laser pulse, with the bulk of the energy, onto the target foil.
proton beam resulting from the front and rear side acceleration mechanisms previously discussed, but note that simulations by Sentoku et al. (2003) predict a maximum energy of approximately 7.5 MeV due to the rear surface acceleration process, and less than 1 MeV for protons originating from the front surface, for the 35 fs pulse duration used in this work. Typical examples of our recordings of the spatial profiles of the proton beam above selected energies, as a function of Al target foil thickness and laser pulse contrast, are summarized in figure 6 . We observe that, independent of target thickness, the proton beam is always emitted in the plane of the laser beam and the target normal, and in agreement with previous observations (Snavely et al. 2000) , we also observe that the angular divergence of the collimated beams decreases with increasing proton energy. Importantly, similar to Kaluza et al. figure 4 , are used. The laser pulse contrast of 10 9 was obtained using a plasma mirror with reflectivity of the order of 50%. The two circles, shown for the 25 mm result, correspond to the 208 and 408 half-angles of the divergence of the proton beam, and are applicable to all examples. The vertical lines correspond to the target normal. At laser pulse contrasts of 10 7 and 10 8 it is observed that the highenergy component of the proton beam is shifted away from the target normal, towards the laser direction (to the right of the distribution), for the 6 and 3 mm thick targets, respectively. The angle of deviation is found to increase with proton energy.
(2004), we observe that the optimum target thickness for proton acceleration is sensitive to the duration of the ASE-pedestal. We further observe that it is also sensitive to ASE intensity.
Consider the example profiles recorded with laser pulses of contrast w10 8 (with ASE level a few 10 11 W cm K2 and duration 1 ns) in figure 6. We observe proton beams centred on the target normal direction for all proton energies from targets with thickness 6 mm or greater. With the same laser conditions, and with a target thickness of 1.5 mm, we observe a reduction in the homogeneity of the proton beam and begin to observe structure in the beam profile. We also observe a significant reduction in the energy of emitted protons. This is consistent with our understanding that for a sufficiently thin target the ASE-pedestal will ruin the steep density gradient required on the target rear surface for efficient ion acceleration, and that there is an optimum foil thickness for given laser contrast conditions (approximately 3-6 mm for the case considered).
Of particular interest is our reported observation (Lindau et al. 2005 ) that for a certain window of ASE-pedestal conditions we observe a deflection of the highenergy component of the emitted proton beam, away from the target normal and towards the laser direction. This is illustrated in figure 6 for the 6 mm Al target at a laser pulse contrast of 10 7 , and 3 mm target at contrast 10 8 . The observation is explained in terms of proton acceleration from a target rear surface which is undergoing dynamic expansion due to breakout of the shock wave, launched by the ablation pressure on the front surface by the arrival of the ASE pedestal (Lindau et al. 2005) . Irradiation of a target foil with p-polarized pulses at 458 angle of incidence ponderomotively drives electrons in the laser forward direction, leading to sheath formation in a region of the target rear surface where the localized target normal is directed away from the global target normal. The highest energy protons, produced at the peak of the sheath field are thus accelerated in a direction away from the global target normal. With laser pulses of contrast 10 8 , this deviation is not observed for the 6 mm target, but is observed for 3 mm and thinner targets. For 6 mm thick Al foils, we find that threshold ASEpedestal intensity and duration conditions are reached with laser pulses of contrast between 10 8 and 10 7 , corresponding to shock breakout on the rear surface and leading to the observed deflection. For 3 mm thick Al foils the threshold conditions are lower, resulting in the observed high-energy proton deviation with pulses of 10 8 contrast. Our observations show that a window of ASE conditions exists, for a given target thickness, in which shock break out modifies the spatial distribution of the accelerated proton beam, without destroying the steep density gradient required by the TNSA acceleration mechanism. This model of a dynamic deformation of the target rear surface, induced by a shock wave with Mbar pressures and velocity of the order of mm ns K1 is supported by simulations using the hydrodynamic code MULTI (Lundh et al. in preparation) .
Proton acceleration with ultra-high contrast laser pulses
We routinely obtain pulses with a temporal contrast of approximately 1.0!10 8 from the multi-terawatt LLC laser. With this contrast, and a minimum pedestal duration of 1.0 ns, we observe protons with energy extending beyond 4.5 MeV, from Al target foils of thickness down to 0.2 mm. Motivated by the observed enhancement in proton numbers and energies reported by Mackinnon et al. (2002) , and attributed to electron recirculation within thin foils, we extend our investigation to even higher contrast and thinner targets.
Enhanced contrast pulses are produced by inserting a plasma mirror (Ziener et al. 2003; Dromey et al. 2004) into the focusing beam, as illustrated in the inset of figure 3. A planar plasma mirror was operated at 458 in p-polarization giving a measured energy reflectivity of 41%. The ASE intensity on the plasma mirror is less than 10 8 W cm
K2
, which is well below the threshold for plasma formation. By calculating the ratio of ASE reflectivity to main pulse reflectivity, we estimate a contrast enhancement of 45. This leads to a contrast on target of up to 10 10 . We find that, by increasing the contrast by more than one order of magnitude, we can decrease the target thickness, for which we observe high energy welldefined proton beams, by more than one order of magnitude (Neely et al. in preparation) . In fact, with laser pulses with temporal contrast better than 10 9 we observe protons with multi-MeV energies from Al target foils with thickness less than 50 nm. We also find that, as illustrated in figure 6 , the increased contrast has the effect of 'switching-off' the proton deviation observed, at a contrast of 10 8 , with a 3 mm Al target. This is expected due to the associated reduction in ASE-pedestal intensity and hence the ablation pressure and velocity of the resulting shock wave launched in the target.
Summary and future challenges
We conclude that the temporal contrast of the laser pulse plays an important role in laser-driven ion acceleration from thin foil targets. Our experimental programme has led directly to the observation that for a target foil of a given thickness, threshold ASE-pedestal intensities and durations exist, above which an ASE-induced shock wave can lead to non-evaporative deformation of the target rear surface and a resulting change in the direction of proton emission. This observation points to a laser controllable manipulation of the proton beam profile. This is achieved without the need for precision pre-manufactured targets and, therefore, in principle, can be performed at high repetition rates.
In addition, at the start of our research programme we would not have imagined that we would observe well-defined, energetic proton beams from target foils with thickness ranging over 3 orders of magnitude-from 50 mm to below 50 nm. The fact that we observe efficient ion acceleration from ultra-thin targets raises interesting questions regarding the electron transport and ion acceleration processes at work, and opens up exciting directions for our ongoing research programme. We anticipate further experimentation, possibly involving double plasma mirrors, to extend our investigations of the influence of laser contrast on ion acceleration and to elucidate the acceleration mechanisms with even thinner target foils, approaching the skin depth (approximately 8 nm) for 800 nm laser light absorption.
In general, the advances made in understanding the parameters affecting proton acceleration, and to some extent manipulating the proton beam, encourage the view that this potentially compact and unique source of ions may become useful for a number of potential applications. Further experimental and theoretical research is required to optimize and control laser-driven ions. An important challenge remains to find the parameters which control the accelerated ion energy distribution, to enable high-quality beams of quasi-monoenergetic ions to be produced.
